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Myocardial reperfusion after reversible iscbemia is known 
to be associated with prolonged abnormalities of systolic 
contractile function (myocardial “stunning”). However, no 
information is available regarding the recovery of diastolic 
function in the stunned myocardium in the conscious state. 
Accordingly, 10 conscious dogs instrumented with pulsed 
Doppler thickening probes underwent a 15 min occlusion of 
the left anterior descending coronary artery followed by 7 
days of reperfusion. Regional systolic function was assessed 
as net systolic thickening fraction. Left ventricular regional 
diastolic properties were estimated from two variables: the 
mean rate to half end-diastolic thinning and the late dias- 
tolic thinning fraction. 
Both indexes of diastolic function remained severely 
impaired after restoration of flow. In general, the recovery 
of the mean rate to half end-diastolic thinning and of the 
late diastolic thinning fraction paralleled the recovery of 
systolic thickening, but the impairment of the mean rate to 
half end-diastolic thinning was more marked than that of 
Myocardial repetfusion after a brief episode of ischemia is 
associated with prolonged impairment of mechanical func- 
tion despite the absence of cell necrosis (1,2). This post- 
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the late diastolic thinning fraction. At 4 h of reperfusion, 
the values for the mean rate to half end-diastolic thinning 
and the late diastolic thinning fraction (expressed as per- 
cent of baseline) were 57 + 5% (p < 0.001 versus baseline) 
and 79 f 7% (p < O.OS), respectively, whereas systolic 
thickening fraction averaged 52 + 10% (p < 0.001). At 24 
h, the mean rate to half end-diastolic thinning and the late 
diastolic thinning fraction were no longer significantly 
different from baseline, whereas systolic thickening fraction 
remained decreased at 82 f 4% (p < 0.001) and returned 
to control values by 48 h. 
This study demonstrates the presence of profound, 
prolonged abnormalities of regional diastolic wall thinning 
after a brief episode of ischemia in the conscious state and 
expands the concept of myocardial stunning from the 
traditional notion of impaired systolic performance to that 
of a global derangement in mechanical function that in- 
volves both systolic and diastolic properties. 
(J Am Co11 Cardiol 1989;13:185-94) 
ischemic dysfunction, or myocardial “stunning” (3), has 
been well characterized with respect to the abnormalities of 
systolic function (1,2,4-6). No data, however, are available 
regarding the recovery of regional diastolic function in the 
stunned myocardium in conscious animal preparations. Al- 
though a recent brief report (7) indicates that diastolic 
function is impaired after a I5 min coronary occlusion in the 
open chest state, it is unknown whether these observations 
apply to the more physiologic setting of the conscious animal, 
in which the confounding effects of anesthesia and surgical 
trauma on cardiac mechanical function (8-10) are eliminated. 
Moreover. the time course of recovery of diastolic abnormal- 
ities after brief ischemia has not been defined. 
The goal of this study was to characterize the recovery of 
left ventricular diastolic wall thinning after a brief, reversible 
ischemic episode. To this end, we analyzed the changes in 
regional wall thinning (measured by a nontraumatic pulsed 
(1735-1097189153.50 
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Doppler probe) in conscious, unsedated dogs undergoing a 
15 min coronary occlusion followed by 7 days of reperfusion. 
This duration of ischemia was selected because it does not 
cause myocardial necrosis (1,2,1 l), yet it results in pro- 
longed abnormalities of systolic contractile function (1,2). 
An additional objective was to compare the time course of 
recovery of regional systolic and diastolic function in the 
same dogs. 
Methods 
This study was performed in accordance with the guide- 
lines of the Committee on Animals of Baylor College of 
Medicine and with the “Guiding Principles in the Use and 
Care of Animals” approved by the American Physiological 
Society. 
Surgical preparation. The dogs used for this study were 
part of a larger group of animals used for a concomitant 
investigation aimed at defining the determinants of postisch- 
emit systolic dysfunction (6). The methods have been de- 
scribed in detail in that previous report (6). Briefly, mongrel 
dogs of either gender weighing 20 to 32 kg were instrumented 
with an inflatable balloon occluder around the mid left 
anterior descending coronary artery, a Doppler ultrasound 
flow probe around the artery adjacent to the occluder, a high 
fidelity micromanometer (Konigsberg P-7) in the left ventric- 
ular cavity through a stab incision in the apex and Tygon 
catheters in the aorta and left atrium. To measure left 
ventricular wall thickening and thinning, 10 MHz pulsed 
Doppler ultrasonic crystals (12-14) were sutured to the 
epicardial surface, one in the center of the region to be 
rendered ischemic and another in an area remote from it 
(posterior wall). Dogs were allowed to recover for a mini- 
mum of 8 days after surgery, and were trained to stand 
quietly in a sling for r3 days. 
Experimental protocol. On the day of the experiment, 
arterial pH ranged from 7.39 to 7.44, PO, from 78 to 119 mm 
Hg and hematocrit from 38 to 46%. Dogs were studied in the 
awake, unsedated state while standing quietly in a sling. Left 
ventricular pressure was measured with the implanted min- 
iature pressure gauge; the first derivative of left ventricular 
pressure (dP/dt) was obtained by electronic differentiation. 
Regional myocardial blood flow was determined with the use 
of radioactive microspheres, as described previously (6). 
After a first microsphere injection, the left anterior de- 
scending coronary artery was occluded by inflating the 
balloon occluder. A second injection of microspheres was 
given 8 to 10 min after occlusion to determine collateral flow 
to the ischemic region. Fifteen minutes after occlusion, the 
ischemic bed was abruptly reperfused by deflating the oc- 
eluder. Complete coronary occlusion and recanalization 
were verified by the Doppler flow velocity measurements. A 
third injection of microspheres was given 1 h after reperfu- 
sion in six dogs. Hemodynamic and wall thickening mea- 
surements were obtained at baseline (10 min before coronary 
occlusion), 10 min after occlusion, and 30 min and 1,2,3 and 
4 h after reflow. Dogs were then returned to the kennel and 
studied again 1, 2, 3 and 7 days after reperfusion. 
Postmortem tissue analysis. At the end of the study, the 
dogs were given heparin (6,000 U intravenously), after which 
they were anesthetized with sodium pentobarbital(30 mg/kg 
bodyweight intravenously) and killed with a bolus injection 
of potassium chloride. The size of the occluded vascular bed 
(that is, the region perfused by the previously occluded 
artery) was determined by a previously described postmor- 
tem dual perfusion technique (15). To exclude the presence 
of infarction, transverse slices of the heart were incubated 
for 20 min at 38°C in 1% triphenyltetrazolium chloride (16). 
Four transmural specimens (1 to 3 g) were then obtained 
from both the occluded and the nonoccluded vascular beds. 
Each specimen was divided into endocardial and epicardial 
halves, weighed and placed in scintillation vials containing 
10% neutral buffered formalin. Regional myocardial blood 
flow was calculated by standard methods (6). After counts of 
radioactivity were obtained, ischemic tissue samples from 
five dogs were embedded in paraffin, cut into 5 pm thick 
sections, mounted and stained with hematoxylin-eosin. Each 
section was examined for evidence of prior necrosis, i.e., 
granulation tissue and fibrosis. 
Measurement of Regional Myocardial Function 
Regional myocardial function was assessed with use of a 
pulsed Doppler epicardial wall thickening probe, as previ- 
ously described (6,12-14,17-22). Prior studies (12-14) have 
demonstrated that this technique correlates closely with the 
transit time method not only with respect to the measure- 
ment of systolic thickening, but also with regard to the 
configuration of the entire thickening (and thinning) curve; 
consequently, the measurements of the mean rate to half 
end-diastolic thinning and late diastolic thinning fraction 
should also be quite similar. 
Regional systolic function. Systole was defined as the 
interval between the onset of the rapid upstroke of positive 
left ventricular dP/dt and peak negative dP/dt (23). Regional 
systolic function was measured as net systolic thickening, 
which was defined as the extent of systolic wall thickening 
minus the amount of paradoxic systolic thinning, if present 
(23). Systolic wall thickening was defined as the maximal 
systolic increase in wall thickness from the end-diastolic 
value (23). Paradoxic systolic thinning was measured as the 
maximal systolic decrease in thickness from the end- 
diastolic value. Because early thinning of the wall may 
normally occur during isovolumic ventricular contraction, 
wall thinning was not defined as paradoxic unless it persisted 
for 250% of the duration of systole (23). To allow for the 
variability in wall thickness that is associated with ischemia 
and reperfusion, net systolic thickening was expressed as 
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percent systolic thickening fraction. i.e.. the ratio of net 
systolic thickening to end-diastolic wall thickness, multiplied 
by 100 (17-22,24-26). 
Regional diastolic function. Two indexes of left ventricu- 
lar regional diastolic properties were measured: the mean 
rate to half end-diastolic thinning and the late diastolic 
thinning fraction. These variables have been defined and 
discussed previously (27). Briefly, the mean rate to half 
end-diastolic thinning was defined as the slope of a line 
drawn from the point of maximal systolic wall thickness to 
the point midway between the maximal systolic wall thick- 
ness and the following end-diastolic wall thickness (Fig. I). 
As indicated previously (271, the undulating shape of the 
early diastolic phase of the wall thickening signal necessi- 
tated the use of a straight line to measure the mean rate to 
half end-diastolic thinning. The late diastolic thinning frac- 
tion was defined as the ratio between the extent of thinning 
at two-thirds of the relaxation phase (which was defined as 
the time from the onset of negative left ventricular dP/dt to 
the start of the upstroke of the subsequent rise in dP/dt) and 
the total extent of thinning at the end of the relaxation phase 
(27) (Fig. I). Of these two variables, the former reflects the 
rate of wall thinning in early diastole, whereas the latter 
reflects the total extent of wall thinning that takes place 
during diastole before atrial contraction. 
Because the mean rate to half end-diastolic thinning and 
the late diastolic thinning fraction were not measurable when 
maximal systolic wail thickness was less than end-diastolic 
wall thickness, these indexes of diastolic function were given 
blank values when pansystolic paradoxical thinning was 
present (27). For this reason. the two variables were not 
determined during ischemia. After reperfusion, the mean 
rate to half end-diastolic thinning and the late diastolic 
thinning fraction could not be measured because of persist- 
ent dyskinesia in three dogs at I h and in one dog at 2, 3 and 
4 h. Both variables were measured in all dogs at 24 h and 
thereafter. For measurement of systolic and diastolic func- 
tion, at least 6 beats were averaged at each time point. To 
minimize differences among dogs, systolic thickening frac- 
Figure 1. Original recordings illustrating measurements of systolic 
and diastolic regional function. The following points were used: A, 
end-diastole: B. peak systolic thickness; C. the point at which 
thickness was midway between B and A: and D, the point at 
two-thirds of the interval between B and D. During coronary 
occlusion, systolic wall thickening present under baseline conditions 
was replaced by holosystolic paradoxic thinning. After reperfusion. 
marked stunning was observed, with severe hypokinesia at 4 h and 
mild hypokinesia at 24 h after release of the occlusion. Left 
ventricular regional diastolic properties were estimated by measur- 
ing the mean rate to half end-diastolic thinning (RHEDT), which 
equals the slope of the line connecting B to C, and the late diastolic 
thinning fraction (TF). which equals the fraction of total wall 
thinning that has occurred at point D (see text for detailed explana- 
tion). During coronary occlusion these variables were not measured 
because of the presence of holosystolic paradoxical thinning. After 
reperfusion, regional diastolic wall thinning was markedly impaired 
at 4 h and. albeit to a lesser extent. at 24 h. The impairment observed 
at 24 h indicates that the decrease in the mean rate to half 
end-diastolic thinning (RHEDT) was not solely due to the presence 
of early-diastolic thickening. Because the Doppler probe measures 
changes in wall thickness rather than absolute wall thickness, the 
position of the tracing on paper bears no relation to absolute wall 
thickness. LV dP/dt = left ventricular dP/dt; SThF = systolic 
thickening fraction: 1 WTh = change in wall thickness. 
tion, mean rate to half end-diastolic thinning and late dias- 
tolic thinning fraction were expressed as percent of baseline 
values. 
Statistical analysis. All values are reported as mean val- 
ues t SEM. Comparisons between baseline control mea- 
surements and subsequent values were performed with the 
two-tailed Student’s I test for paired data with the Bonfer- 
roni correction (28). 
Results 
Postmortem examination. The thickening crystals placed 
on the posterior wall were found to be over the posterior 
papillary muscle in three dogs; in no dogs were the anterior 
wall crystals at the level of the anterior papillary muscle. 
Tetrazolium staining confirmed the absence of infarction in 
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Table 1. Systemic Hemodynamics in 10 Dogs 
Reperfusion 
Baseline Occlusion 30 min lh 2h 3h 4h I day 2 days 3 days 7 days 
HR 
(beatsimin) 
MAP 
(mm Hg) 
RPP 
LAP 
(mm Hg) 
LV dP/dt,,,, 
(mm Hgis) 
LV dP/dt,,, 
(mm Hgis) 
CBF 
(mlimin) 
93 
k8 
90 
t4 
10.8 
k1.0 
2.3 
kO.6 
3,985 
2360 
4,477 
2525 
36 
+I 
123* 
?ll 
101 
?6 
16.9* 
k2.0 
5.0* 
kO.8 
4,248 
2494 
4,491 
?524 
0 
107 98 107 
?I1 +9 i-10 
97 95 95 
+5 24 24 
14.2+ 12.6 13.3 
21.7 +I.6 +I.6 
3.4 2.9 3.6 
kO.8 kO.8 kO.7 
3,859 3.61 I 3.697 
2376 2286 2343 
4,435 4.352 4,254 
?517 k513 ?481 
41 35 39 
?8 ?6 +8 
109 
210 
97 
t3 
13.0 
21.3 
3.3 
+0.9 
3,774 
2399 
4,519 
2529 
40 
tx 
110 87 92 89 91 
t 10 26 +8 t6 +-6 
97 89 90 90 96 
?4 k4 53 23 k4 
13.9 10.3 11.3 10.3 II.4 
2 1.6 kl.0 kl.3 il.0 kl.1 
2.6 2.8 2.8 2.7 1.2 
AO.7 to.9 20.9 to.9 to.6 
3.750 4,524 4,285 4,380 4.458 
2359 2645 ?638 ?619 2569 
4.547 3.987 4,109 4.411 4.268 
k461 ?457 5408 2538 t576 
38 31 32 29 26 
?I t6 +6 +5 *4 
*p < 0.01 versus baseline; fp < 0.05 versus baseline: values are mean k SEM. CBF = left anterior descending coronary artery blood flow; HR = heart rate; 
LAP = mean left atrial pressure; LV dP/dt,,, = maximal rate of left ventricular pressure rise: LV dP/dt,,, = maximal rate of left ventricular pressure decrease; 
MAP = mean arterial pressure; RPP = rate-pressure product (heart rate x systolic blood pressure/l ,000). 
all dogs. Histologic analysis of the reperfused region was 
carried out in the five dogs in which ischemic zone flow was 
~20% of simultaneous nonischemic zone flow, and no evi- 
dence of necrosis was observed. 
Systemic hemodynamics (Table 1). Coronary occlusion 
was associated with significant increases in heart rate, rate- 
pressure product and left atria1 pressure (p < 0.01 versus 
baseline values). After the first 30 min of reperfusion, 
however, all hemodynamic variables returned to values 
similar to baseline and did not change significantly through- 
out the rest of the experiment. 
Occluded vascular bed size. The left ventricular weight 
averaged 95.8 ? 5.3 g. The weight of the occluded vascular 
bed was 26.6 t 1.1 g (28.0 2 1.2% of left ventricular weight; 
range 23 to 34). 
Regional myocardial blood flow (Table 2). During coro- 
nary occlusion, transmural blood flow to the left anterior 
descending artery territory was markedly decreased, aver- 
aging 14.2 2 4.5% of simultaneous nonischemic zone flow. 
One hour after reperfusion, endocardial flow to the previ- 
ously ischemic region was slightly but significantly lower 
than endocardial flow to the nonischemic region (p < 0.05), 
whereas epicardial flow did not differ in the two vascular 
beds. 
Regional systolic function (Table 3, Fig. 2). The measure- 
ments of percent thickening fraction are reported as absolute 
values in Table 3 and as percent of baseline values in Figure 
2. In the left anterior descending artery territory, systolic 
wall thickening was replaced by paradoxic holosystolic 
thinning during coronary occlusion in all dogs. After reper- 
Table 2. Regional Myocardial Blood Flow Before and During Coronary Occlusion and After Reperfusion 
Endo 
lschemic Zone 
Epi Mean EndoiEpi Endo 
Nonischemic zone 
Epi Mean EndoiEpi 
Before occlusion (n = IO) 
mlimin per g 1.02 + 0.10 0.87 k 0.9 0.95 2 0.09 I.17 +- 0.04 1.09 + 0.14 0.88 + 0.1 I 0.98 k 0.12 1.23 t 0.03 
During occlusion (n = IO)* 
mllmin per g 0.11 + 0.03 0.21 + 0.05 0.16 ? 0.04 0.52 i- 0.09 1.68 2 0.26t 1.35 ” 0.19t 1.52 ? 0.221 1.23 ? 0.04 
% of Nonischemic flow 9.6 + 3.4 19.7 i- 5.9 14.2 ? 4.5 - - - 
After reperfusion (n = 6) 
mlimin per g 1.06 + 0.09$ 0.97 k 0.08 I.01 + 0.08 1.08 + 0.048 1.28 + 0.13 1.07 i 0.12 1.18 ? 0.12 1.21 2 0.05 
% of Preocclusion 105 + Iii: Ill? I? I10 + I? 131 + 15 129 ? 14 130 +- 15 - 
value7 
*Blood flow to the ischemic zone during coronary occlusion is expressed both in absolute terms (mlimin per g) and as percent of simultaneous blood flow to 
the nonischemic zone: tp < 0.01 versus preocclusion (Student’s t test for paired data); $p < 0.05; $p < 0.01 versus nonischemic zone (Student’s t test for paired 
data); clMyocardial blood flow after reperfusion was measured only in 6 of the IO dogs; to permit a comparison of postreperfusion and preocclusion flows, 
postrepetfusion measurements are also expressed as percent of preocclusion measurements. Values are mean 2 SEM. Endo = endocardial flow; Epi = epicardial 
flow; EndoiEpi = ratio of endocardial to epicardial flow: Mean = mean transmural flow (average of epicardial and endocardial flows). 
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Figure 2. Changes in systolic thickening fraction during coronary 
occlusion (Occl) and at selected times after reperfusion in the 
nonischemic region (open circles) and in the ischemic-reperfused 
region (solid circles). Thickening fraction is expressed as percent of 
preocclusion (baseline) values. Data are mean values ? SEM (n = 
10). Systolic function in the reperfused myocardium recovered 
slowly; on the average, thickening fraction was still significantly 
depressed at 24 h, and returned to baseline at 48 h after reflow. *p < 
0.001 versus baseline. 
fusion, there was delayed recovery of contractile function, 
whereby 1 h after release of occlusion systolic thickening 
fraction averaged 30 t 11% of baseline (p < 0.001 versus 
baseline) and 4 h after release 52 ? 10% of baseline (p < 
0.001). Twenty-four hours after reperfusion, the average 
thickening fraction was still significantly depressed (82 ? 4% 
of baseline, p < 0.001). Thickening fraction returned to 
values similar to baseline by 48 h, and remained stable at 
these levels over the ensuing 5 days. 
Regional diastolic function (Table 3, Fig. 3 and 4). The 
measurements of the mean rate to half end-diastolic thinning 
and the late diastolic thinning fraction are reported as 
absolute values in Table 3 and as percent of baseline values 
in Figures 3 and 4. At baseline, the absolute values for the 
mean rate to half end-diastolic thinning and the late diastolic 
thinning fraction were -7.9 + 0.5 mm/s and 0.78 i 0.02, 
respectively, in the left anterior descending region and -7.1 
t 0.6 mm/s and 0.69 ? 0.05, respectively, in the circumflex- 
dependent region. These results are similar to those reported 
by other investigators in conscious dogs (27). 
In the circumflex region, the mean rate to half end- 
diastolic thinning and the late diastolic thinning fraction 
remained essentially unchanged during the course of the 
experiment, indicating that the effects of coronary occlusion 
were evaluated in a preparation in which diastolic wall 
thinning was otherwise stable. In the left anterior descending 
region, the mean rate to half end-diastolic thinning and the 
late diastolic thinning fraction were not measured during 
coronary occlusion because of the absence of systolic thick- 
ening. After reperfusion, the mean rate to half end-diastolic 
thinning was severely impaired; 1 h after release of occlusion 
- IschemiclReperfused Zone 
o-----a Nonlschemlc Zone 
Occl 30’ lh 2h 3h 4h Id 2d 3d 7d 
I 
Reperfusion 
I 
Figure 3. Mean rate to half end-diastolic thinning at selected times 
following reperfusion in the nonischemic region (open circles) and in 
the ischemic reperfused region (solid circles). The mean rate of half 
end-diastolic thinning is expressed as percent of preocclusion (base- 
line) values. The number of dogs analyzed at each time point is 
shown in parentheses. Because of the presence of holosystolic 
paradoxic thinning during occlusion (Occl) and in certain dogs after 
reperfusion, blank values were assigned to the mean rate to half 
end-diastolic thinning at these time points. Data are mean values * 
SEM. The mean rate to half end-diastolic thinning in the reperfused 
myocardium recovered slowly and returned to baseline by 24 h after 
reflow. * = p < 0.01. ** = p < 0.001 versus baseline. 
it averaged 41 t 9% of baseline (p < 0.001) and 4 h after 
release 57 ? 5% of baseline (p < 0.001) (Fig. 3). Twenty-four 
hours after reperfusion, the mean rate to half end-diastolic 
thinning had increased to values that were no longer different 
Figure 4. Late diastolic thinning fraction at selected times after 
reperfusion in the nonischemic region (open circles) and in the 
ischemic-reperfused region (solid circles). The late diastolic thinning 
fraction is expressed as percent of preocclusion (baseline) values. 
The number of dogs analyzed at each time point is shown in 
parentheses. Because of the presence of holosystolic paradoxic 
thinning during occlusion (Occl) and in certain dogs after reperfu- 
sion, blank values were assigned to the late diastolic thinning 
fraction at these time points. Data are mean values 2 SEM. The late 
diastolic thinning fraction in the reperfused myocardium recovered 
slowly and returned to baseline by 24 h after reflow. + = p < 0.05, 
** = p < 0.01 versus baseline. 
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Figure 5. Mean rate to half end-diastolic thinning (RHEDT [open 
triangles]), systolic thickening fraction (SThF [solid squares]), and 
late diastolic thinning fraction (TF [open circles]) in the ischemic- 
reperfused region. All measurements are expressed as percent of 
preocclusion (baseline) values. The number of dogs analyzed at each 
time point is shown in parentheses. Because of the presence of 
holosystolic paradoxic thinning during occlusion (Occl) and in 
certain dogs after reperfusion, blank values were assigned to mean 
rate to half end-diastolic thinning and late diastolic thinning fraction 
at these time points. Unlike Figure 2, measurements of systolic 
thickening fraction were used only if simultaneous measurements of 
mean rate to half end-diastolic thinning and late diastolic thinning 
fraction were obtained: this allows comparison of all three variables 
in the same dogs. Data are mean values + SEM. Systolic thickening 
fraction, mean rate to half end-diastolic thinning and late diastolic 
thinning fraction recovered in a parallel fashion after reflow. The 
duration of impairment was greater for systolic function than for the 
diastolic variables; by 24 h both diastolic indexes had returned to 
values not significantly different from baseline, whereas systolic 
thickening returned to baseline by 48 h. ‘ = p < 0.05, * = p < 0.01, 
** = p < 0.001 versus baseline. 
from control (85 ? 8% of baseline, p = 0.09). The late 
diastolic thinning fraction was also decreased after reperfu- 
sion, albeit to a lesser extent, and the time course to 
recovery of this variable paralleled that of the mean rate to 
half end-diastolic thinning. The diastolic thinning fraction 
averaged 74 -t 11% of baseline (p < 0.05) at I h of 
reperfusion, 79 2 7% (p < 0.05) at 4 h and 95 t 3% (p = 0.15) 
at 24 h. Thus, both the mean rate to half end-diastolic 
thinning and the late diastolic thinning fraction were signif- 
icantly depressed throughout the first 4 h of reperfusion, and 
both returned to values not significantly different from 
baseline by 24 h. Similar results were obtained when the 
absolute values of these two variables were analyzed. 
Relation between systolic and diastolic function. Figure 5 
compares the time course of recovery of systolic thickening 
fraction, mean rate to half end-diastolic thinning and late 
diastolic thinning fraction in the postischemic, stunned myo- 
cardium. In contrast to Figure 2, Figure 5 uses measure- 
ments of systolic thickening fraction only if simultaneous 
measurements of mean rate to half end-diastolic thinning and 
late diastolic thinning fraction were obtained: this procedure 
allows comparison of all three variables to be made in the 
same dogs. Throughout the first 24 h of reperfusion, the 
mean rate to half end-diastolic thinning was impaired to a 
greater extent than the late diastolic thinning fraction. Fur- 
thermore, the duration of depression of systolic function 
appeared to exceed that of diastolic function, because 24 h 
after reperfusion the mean rate to half end-diastolic thinning 
and the late diastolic thinning fraction had recovered to 
values not significantly different from baseline, whereas 
systolic thickening fraction was still significantly decreased: 
it returned to baseline by 48 h. 
Discussion 
This study demonstrates that in the conscious dog the 
pattern of diastolic left ventricular wall thinning remains 
impaired for several hours after a brief episode of regional 
ischemia. Numerous previous investigations (1,2,4-6) have 
demonstrated the persistence of systolic dysfunction after a 
reversible ischemic insult. This report documents the pres- 
ence of profound, prolonged abnormalities in regional dia- 
stolic wall thinning after a transient coronary occlusion. 
Accordingly. our observations expand the concept of myo- 
cardial stunning from the traditional notion of impaired 
systolic performance to that of a global derangement in 
mechanical function that involves both systolic and diastolic 
properties. 
Methodologic considerations. We elected to measure the 
mean rate to half end-diastolic thinning and the late diastolic 
thinning fraction to characterize regional diastolic wall thin- 
ning because these variables have previously proved useful 
in defining the recovery of regional diastolic function after 
ischemia and reperfusion and in detecting the influence of 
pharmacologic manipulations (27). 
It is recognized that, because the mean rate to half 
end-diastolic thinning extends beyond the point of mitral 
valve opening, this variable is influenced not only by the rate 
of left ventricular regional relaxation, but also by other 
factors including the amount of systolic wall thickening, 
heart rate and the left atria1 pressure (29). It is unlikely, 
however. that these additional factors were primarily re- 
sponsible for the changes in the mean rate to half end- 
diastolic thinning observed in our study. First, it is important 
to point out that changes in mean rate to half end-diastolic 
thinning and late diastolic thinning fraction do not merely 
reflect changes in systolic thickening. because diltiazem has 
been previously shown (27) to markedly improve both 
indexes of regional diastolic function during ischemia in the 
absence of any improvement in systolic thickening. More- 
over. we found the impairment of mean rate to half end- 
diastolic thinning and diastolic thinning fraction to resolve 
earlier than that of systolic thickening fraction (Fig. 5). We 
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excluded from the analysis segments with severe systolic 
dysfunction (akinesia or dyskinesia), in which the absence of 
systolic thickening would make it difficult to interpret the 
diastolic parameters. The impairment in the mean rate to half 
end-diastolic thinning was observed also in the absence of 
early diastolic thickening (Fig. l), and thus cannot be as- 
cribed solely to this phenomenon. Second, with regard to the 
influence of hemodynamic variables, it should be noted that 
both heart rate and left atria1 pressure changed during 
ischemia, but returned to preocclusion control values by 30 
min of reperfusion and remained similar to baseline values at 
all time points thereafter (Table 1). In fact, all hemodynamic 
variables (including arterial pressure and positive and nega- 
tive left ventricular dP/dt) remained stable after reperfusion 
and were similar to baseline values. As indicated above, the 
goal of this study was to characterize changes in diastolic 
wall thinning after reperfusion, rather than during ischemia. 
In addition, neither the mean rate to half end-diastolic 
thinning nor the late diastolic thinning fraction changed 
significantly in the control nonischemic region throughout 
the protocol (Fig. 3 and 4). Thus, it appears that neither heart 
rate nor left atria1 pressure can, in themselves, account for 
the changes in mean rate to half end-diastolic thinning and 
diastolic thinning fraction observed in this study. 
The late diastolic thinning fraction should be affected by 
left ventricular pressure-volume relations and wall stress 
(29). Although our inability to measure left ventricular 
pressure-volume relations and wall stress limits our conclu- 
sions regarding the mechanisms mediating changes in late 
diastolic thinning fraction, it is again important to emphasize 
that left ventricular filling pressures and other hemodynamic 
variables were stable after reperfusion and similar to base- 
line (Table 1). In addition, if the changes in late diastolic 
thinning fraction (and mean rate to half end-diastolic thin- 
ning) were solely due to changes in systemic hemodynamics, 
one would expect parallel changes in these diastolic indexes 
to occur both in the reperfused and in the nonischemic 
control region. However, the mean rate to half end-diastolic 
thinning and the late diastolic thinning fraction in the nonis- 
chemic region remained stable at a time when these mea- 
surements in the reperfused region were markedly altered 
(Fig. 3 to 5). The discrepancy between the values of mean 
rate to half end-diastolic thinning and late diastolic thinning 
fraction in the left anterior descending versus circumflex 
artery territory in the same heart and at the same time points 
suggests that the alteration of these variables after reflow in 
the reperfused territory was not primarily due to the influ- 
ence of hemodynamic variables. 
A limitation ofthis study was our inability to measure the 
mean rate to half end-diastolic thinning and the late diastolic 
thinning fraction during coronary occlusion and in certain 
dogs during early reperfusion due to the presence of pansy- 
stolic paradoxic thinning. Thus, it is not possible to compare 
the values of these variables during ischemia with other 
indexes of regional diastolic performance used in prior 
experimental studies of myocardial ischemia (30-32). Nev- 
ertheless, the goal of this investigation was to assess the 
recovery of diastolic properties after reperfusion. Adequate 
data were obtained for this purpose, because the mean rate 
to half end-diastolic thinning and the diastolic thinning 
fraction could be measured in 7 of the 10 dogs at 1 h of 
reperfusion and in 9 of the 10 dogs at 2, 3 and 4 h, whereas 
at 24 h all dogs were included in the analysis. 
Previous studies of diastolic function after reperfusion. 
Most previous experimental studies have focused on the 
derangements in regional diastolic function during ischemia 
(30-33). Recently, Przyklenk et al. (7) described impaired 
diastolic function in myocardium reperfused after a 15 min 
coronary occlusion in open chest dogs. Our data agree with 
this prior report and expand it by documenting diastolic 
dysfunction in the conscious, unsedated animal and by 
defining the time course of this phenomenon and its relation 
to systolic dysfunction. Tilton et al. (27) characterized left 
ventricular segmental relaxation in conscious dogs undergo- 
ing a 2 or 4 h coronary occlusion followed by 4 weeks of 
reperfusion. These authors demonstrated that a prolonged 
impairment of systolic and diastolic function occurred after 
reperfusion, and that the recovery of the mean rate to half 
end-diastolic thinning and of the late diastolic thinning 
fraction generally paralleled that of systolic wall thickening. 
These findings obtained in a model of myocardial infarction 
are in qualitative agreement with our data obtained in the 
setting of myocardial stunning after reversible ischemia. 
Little information is available concerning the effects of a 
transient, complete coronary occlusion on diastolic proper- 
ties in humans. Wijns et al. (34) studied patients undergoing 
percutaneous transluminal coronary angioplasty and demon- 
strated that regional diastolic function remained significantly 
impaired for at least 12 min after brief interruptions of 
coronary flow secondary to balloon inflation and deflation. 
These data suggest that altered regional diastolic properties 
may be an additional manifestation of postischemic dysfunc- 
tion in man, which is in agreement with our finding in the 
conscious dog. 
Mechanism of impaired regional diastolic function. Myo- 
cardial ischemia and reperfusion are associated with calcium 
overload (35,36); on the other hand, myocardial stores of 
adenosine triphosphate remain abnormally low for several 
days after restoration of flow (2,11,37,38). Thus, it is theo- 
retically possible that the prolonged abnormalities of re- 
gional diastolic properties that we have observed after 
reperfusion may be caused by depletion of high energy 
phosphates or increased levels of intracellular calcium, or 
both. Other potential mechanisms should also be consid- 
ered. Recent evidence (17,19-22,39-41) suggests that sys- 
tolic dysfunction after reversible ischemia may be mediated 
in part by the generation of oxygen-derived free radicals. 
Accordingly, it is conceivable that reactive oxygen metabo- 
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lites may also contribute to diastolic dysfunction in the 
stunned myocardium, particularly in view of the fact that 
they can markedly impair the function of the sarcoplasmic 
reticulum in vitro (36). In addition, there are several mech- 
anisms that have been postulated to explain the altered 
myocardial diastolic properties during ischemia. including 
systolic overstretch of the akinetic muscle fibers by adjacent 
nonischemic myocardium or “creep” effect (31.32), altered 
elastic properties (42) and changes in factors extrinsic to the 
left ventricle such as pericardial constraints and loading 
conditions of the right ventricle (29). The precise contribu- 
tion of these factors to the impaired diastolic function in the 
postisdwmic myocardium remains to be evaluated. 
Clinical implications. Transient myocardial ischemia fol- 
lowed by reperfusion occurs in several clinical settings. 
including unstable or variant angina, acute myocardial in- 
farction with early reperfusion (either spontaneous or in- 
duced with thrombolytic therapy), open heart surgery and 
coronary angioplasty. Recent observations (3) suggest that 
these situations may be associated with prolonged abnormal- 
ities of systolic contractile performance. Our data suggest 
that protracted impairment of regional diastolic properties is 
likely to occur as well. The abnormalities in mean rate to half 
end-diastolic thinning and late diastolic thinning fraction that 
we have observed should negatively affect global left ven- 
tricular compliance. This postischemic diastok dysfunction 
may contribute importantly to the clinical manifestations of 
increased left ventricular filling pressure in patients with 
coronary artery disease who experience transient, reversible 
episodes of myocardial ischemia. In those patients in whom 
silent episodes of myocardial ischemia recur at short inter- 
vals in the same region (43). the diastolic properties may 
remain reversibly impaired for prolonged periods of time. 
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